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Abstract
Permanent magnet motors with transverse flux configuration have been developed for application in
direct drive systems featuring high torque at low rotational speed. These machines apply simple
toroidal windings and a modular construction, which guides the main flux path transversal to the
direction of rotation. The three-dimensional nature of magnetic fields, however, makes the magnetic
circuit lamination a serious disadvantage. Soft magnetic composite material possesses a number of
unique properties such as the magnetic isotropy, which is particularly suitable for electrical machines
with three-dimensional magnetic fields. This paper presents the investigation about the application of
soft magnetic composite materials in permanent magnet transverse flux motors.
1. INTRODUCTION
The investigation on transverse flux machines (TFM)
and their application in direct drive systems has become
a topic of intense research since Weh and May proposed
a new machine by combining high energy density
permanent magnets (PM) and transverse flux
configuration in 1986 [1]. TFMs can achieve high
specific torque in low-to-medium speed and hence are
suitable for direct drive application with reduced weight,
cost, losses and maintenance.
In normal machines the armature excitation conductors
are perpendicular to the direction of motion and the
magnetic flux mainly flows within the longitudinal
plane. A fundamental constraint on the design of this
type of machines is that the armature conductors and the
magnetic flux compete for the same space around the
circumference of the stator. For example, if one wishes
to increase the magnetic flux by increasing the width of
teeth, the perimeter available for the slots containing the
armature winding has to be reduced correspondingly [2].
The force density in an electrical machine can be
calculated by the product of electric loading and no-load
induction, or the product of the equivalent current-
loading of the rotor magnet and armature induction. The
armature induction is not restricted to follow in the axial
direction. TFMs employ circumferential currents, rather
than axial currents of normal machines, to produce the
necessary armature induction. In order to achieve a
unidirectional driving force, the armature induction
needs to vary direction according to the rotor position,
and hence the stator windings need to employ AC
excitation [3].
Fig. 1 illustrates the configuration of transverse flux
machine with one active side [3]. The rotor consists of
two arrays of permanent magnets mounted on the core
back of laminated steels. The stator armature winding
(AS) is a simple circular coil coaxial with the rotor,
installed in an array of C-cores (APE1, APE2, etc.)
separated by two pole pitches.
Fig.l Transversefluxstructurewithoneactiveside [3]
The second version ofTFM proposed in [3] is with two
active sides, as shown in Fig.2. It employs additional
iron elements to reduce flux leakage, and adds a coil at
the inner periphery of the stator to produce useful torque
at both the outer and inner surfaces of the rotor, resulting
in a factor 2 for the driving force. Furthermore, this
structure has no net radial forces on the rotor since the
forces on alternate outer and inner poles cancel each
other.
Fig.2Transversefluxstructurewithtwoactivesides[3]
Because every pole sees al1 of the armature
magnetomotive force (mmf), TFMs are capable of very
high torque per unit volume provided that the pole
number is high. They natural1y tend to direct drive
applications.
To sum up, the favourable features of the transverse flux
configuration against the classical longitudinal concept
are: (l) an increase of pole number does not reduce the
mmf per pole; (2) the magnetic flux geometry and the
coil section can be varied without compromising the
dimensions of either, giving design freedom; (3) very
simple armature coils are employed and the total
conductor length is relatively short; and (4) the phases in
a TFM are magnetically independent and this
decoupling in structure simplifies the control method.
The disadvantages of TFMs include low power factor
[4] and complex construction with three-dimensional
(3D) magnetic fields. TFMs are difficult to use
laminations and can benefit from the use of soft
magnetic composite materials, which are described in
the following section.
2. SOFT MAGNETIC COMPOSITE
Soft magnetic composite (SMC) materials by powder
metal1urgy techniques possess a number of advantages
over the traditional laminated silicon steels commonly
used in electromagnetic devices and have undergone a
significant development in the past few years [5,6]. The
basis for the material is the bonded iron powder of high
purity and compressibility. The powder particles are
bonded with a coating of an organic material, which
produces high electrical resistivity. The coated powder
is then pressed into a solid material using a die and
final1yheat treated to anneal and cure the bond.
The nature of the coated powders means isotropic
magnetic properties, which opens crucial design
benefits. The magnetic circuits can be designed with 3D
flux path and radically different topologies can be
exploited to obtain high motor performances, as the
magnetic field restraints oflamination technology ca~ be
ignored. Therefore, SMC is very suitable for specially
structured, such as claw pole and transverse flux motors
with 3D magnetic fluxes. In 3D flux machines, the
armature carries significant magnetic field in al1 three
directions. This is only achievable using SMC.
Because the iron particles are insulated by the surface
coating and adhesive, which is used for composi~e
bonding, the eddy current loss is much lower than that In
laminated steels, especially at higher frequencies. The
total loss is dominated by hysteresis loss, which is
higher than that of laminated steels due to the particle
deformation during compaction. This property implies
SMC motors to be better operated at higher frequencies,
resulting in reduced machine size and weight.
The utilisation of this material offers a prospect of mass
production of low cost motors. Because the iron cores
and parts can be pressed in a die into the desired shape
and dimensions, the further machining is minimised and
hence the production cost can be much lower than
punching, stacking and welding of electrical steels.
Unlike laminations, the SMC parts can be made without
sharp corners in crucial areas. This allows thinner
groundwall insulation and better utilisation of space
around the winding turning points [6].
The most important advantage of SMC materials may be
the cost effective and environmentalIy friendly
manufacturing, with minimum material waste, by using
the wel1-developed powder metallurgical techniques. It
can be up to 50% more cost-effective than conventional
production. Furthermore, SMC materials have a very
good recyclability. Fig. 3 il1ustrates the armature of an
SMC motor from Faurecia Co. and how SMC
components may be recycled. The copper winding and
the SMC core can be easily separated [7).
Fig.3Illustrationof therecyclabilityofSMCmotors[7]
Due to the significant economical, social and
environmental benefits, the study about the application
of SMC materials in electrical machines may lead to a
revolutionary development in the manufacturing
industry of electrical machine [5].
Besides the above unique properties, SMC materials
have some outstanding disadvantages that should be
carefully considered, such as lower magnetic
permeability and lower saturation flux density compared
with lamination steels. A direct replacement for
electrical sheets by SMC will result in poorer machine
performance. Therefore, it is important to avoid the
disadvantages when exploiting the advantages at various
stages such as design, manufacturing and application.
For example, SMC material would be appropriate for
construction of PM motors for which the magnetic
reluctance of the magnet dominates the magnetic circuit,
making such motors insensitive to the permeability of
the core.
The isotropic magnetic property of SMC creates the
crucial design benefit of employing 3D flux paths. The
3D flux machines investigated here are with transverse
flux configurations, which are very difficult to
manufacture by using electrical steels since the
laminated sheets are effective in carrying varying
magnetic flux only in the plane of laminations while
maintaining low eddy current loss. This paper presents
the application of SMC material in transverse flux
motors by other researchers and us.
3. SMC TRANSVERSE FLUX MOTORS
3.1 Newcastle's SMC TFM Prototype
The application of SMC in transverse flux geometry was
first attempted by Newcastle University upon Tyne, UK,
in 1996 [8]. SMC was used for the stator iron parts for
the 3D magnetic fields in the TFM prototype. As shown
in Fig.4, the machine employs PM flux concentration
rotor and the magnets are magnetised circumferentially
in alternating directions. The magnetic fluxes from two
successive magnets aid each other in the soft iron part
between them and then flow out of the axial surface to
the stator pole via the axial air gap. The flux then turns
radially into the stator sidewall, passes axially the stator
yoke, turns radially into the other sidewall, passes
axially through the stator pole, the air gap, the flux
concentration iron, and finally returns to PMs to form a
closed loop. The main magnetic flux flows in all the
three directions in the stator core. The TFM structures
have also a large amount of flux leakage. Therefore,
laminated steels are not suited for this complex magnetic
circuit and SMC is an ideal substitute. In addition, it is
highlighted that SMC allows the armature core to be
made much larger than laminations. By SMC, the
available space on the flanks and core back can be used,
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Fig.4Newcastle'sSMCTFMprototypeof onephase[8]
Considering that each stack forms a phase and is
magnetically independent from the others, a single-
phase prototype was constructed. Some results have
been obtained from the test on the prototype, such as
electromotive force (em/) and torque. However, the
actual performance as a motor, which is normally of
multi-phases, cannot be obtained directly.
The main sizes of the prototype include 362 mm for the
stator outside diameter, 60 mm for the overall axial
length, 270 mm for the average rotor diameter, and 0.5
mm for the airgap. The machine can produce a specific
torque of 13Nm/kg, naturally cooled.
Since the axial clearance airgap of only 0.5 mm was
considered somewhat ambitious, an optimised design
with the same main sizes but 1.0 mm airgap was
conducted, showing about 20% loss oftorque [9].
3.2 Aachen's SMC TFM Prototype
Fig. 5 illustrates the structure of a TFM developed in the
University of Technology Aachen, Germany [10]. The
external rotor consists of PMs and flux concentrating
iron parts, which are made by SMC. The U-yoke
laminations of the inner stator are bended so that the two
limbs are shifted to each other by 1800 electrical, which
is important for appropriate operation of the motor.
Fig.5 Aachen's single sided TIM topology with SMC flux
concentrating iron parts [10]
The major parameters of the prototype include: 40 poles,
390 mm for the outer diameter, 290 mm for the axial
length, and 0.8 mm for the air gap. It is reported that a
torque over 2500 Nm is reachable considering the
restricted output current of the converter. However, the
thermal analysis, a key factor to the allowed motor
output, was not presented in the paper.
two arrays of magnets per phase mounted on the inner
surface. Each stator phase has a single coil around an
SMC core, which was moulded in two halves. The three
stacks of the stator are shifted by 1200 electrical from
each other to produce a three-phase symmetrical emfs in
the three windings and to minimise the cogging torque.
Fig.6 Magnetically relevant parts of the TFM prototype
Dimensions and parameters
Table 1: Dimensions and Parameters of the TFM Motor
Quantities
Since SMC was not utilised in the stator core parts with
3D magnetic fields, this machine has only partially
explored the advantages of SMC.
3.3 Investigation of SMC TFM at UTS
3.3.1 Prototype structure and major parameters
Since 1998, our research group, the Centre for Electrical
Machines and Power Electronics, University of
Technology, Sydney (UTS), has conducted extensive
research on measurement and modelling of the magnetic
properties of SMC materials and development of SMC
motors with different topologies. Some promising
results have been achieved [11]. Fig. 6 shows the
magnetically relevant parts of a TFM prototype with
SMC stator core and Table I lists the major dimensions
and parameters.
The motor phases are stacked axially and different phase
numbers could be chosen, e.g. 2 or 3 phases. The motor
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3.3.2 3D magnetic field analysis and performance
prediction
The magnetic flux path in the TFM is predominantly in
planes containing the axes but becomes 3D as it spreads
azimuthally to reduce flux densities. For non-linear
material properties and accurate flux fringing
calculation, a 3D finite element analysis (FEA) is
required. Here, the commercial software package
ANSYS was used. In the design of this prototype, the
dimensions and parameters of the motor were first
approximately determined by the magnetic circuit
analysis and then refined by the FEA.
Taking advantage of the periodical symmetry, only one
pole-pair region of the machine, as shown in Fig. 7,
needs to be studied.
Fig.7 Region for field solution
At the two radial boundary planes, the magnetic scalar
potentials obey the periodical boundary conditions:
rpm(r, !1(), z) = rpm(r,-!1(), z)
where /18= 18° mechanical is the angle of one pole pitch.
The original point of the cylindrical coordinate is
located at the centre of the stack.
A few key parameters can be determined from the
magnetic field FEA. For example, the no-load magnetic
field distribution is calculated to find out the magnetic
flux linking the stator winding and hence the induced
emf due to the rotation of the PMs on the rotor. The
cogging torque (without stator current) and torques with
different currents and their curves against the rotor angle
can also be computed from the magnetic field solution.
Furthermore, the core loss can be solved by an improved
method as described in [12]. A series of 3D fmite
element analyses are conducted to determine the flux
density locus in each element when the rotor rotates (an
example is shown in Fig. 8). The total core loss is
calculated by separating hysteresis (with purely
alternating, purely circular rotating or elliptically
rotating flux density vectors), eddy current and
anomalous losses in each element, and different
formulations are used for different flux density patterns.
This method can also calculate the core loss distribution,












Fig.8 Flux density locus at Point B of the stator tooth
The self-inductance of each phase winding can be
calculated by L}=N}¢J}/ft, where ¢Jl is the magnitude of
the flux linking the stator winding due to a stator current
I} in each of N} turns. It can be obtained from the results
of a field analysis with a stator current I} while the
permanent magnets are "switched off', i.e. remanence is
set to zero. The armature reaction at the rated current
can also be computed by this field analysis to check
whether the magnets would be demagnetised.
(1) When these parameters and copper loss and mechanical
loss are obtained, the motor performance such as the
electromagnetic power, output power, output torque,
input power, power factor, efficiency and temperature
rise, etc. can be predicted under particular operation
modes, e.g. the optimum brushless DC control. Within
some constraints, e.g. the specified output torque and
temperature rise, the motor dimensions (design
variables) can be optimised for certain objectives such
as the minimum active material cost.
3.3.3 Experimental results
The prototype has been extensively tested and the
experiment data validate the theoretical results. As an
example, Fig. 9 shows the variations of the input power
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Fig.9 Curves of inverter input power, motor output power and
efficiency versus output torque
4. CONCLUSION
To investigate the application of SMC in transverse flux
machines, several prototypes have been developed by
different researchers, taking into account the unique
properties of the material. The 3-phase PM transverse
flux motor with SMC stator core developed at UTS has
been tested with a brushless DC drive and its
performance is comparable to that of similar motors
with laminated steels at potentially reduced
manufacturing cost.
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